Germacrone (1) forms part of a great number of essential oils, in some of them comprising more than 20% of the total oil. This compound presents a wide range of biological activities (CNS depressant, antiinflammatory, antiulcer, antifeedant, antibacterial, antifungal, antitumor, antitussive, vasodilator, choleretic, hepatoprotector), which are analyzed. The chemical reactivity of germacrone, including cyclization reactions, and complete synthesis are presented.
Germacrone (1) was first isolated in 1927 from the essential oil of Geranium macrorrhizum [1a] . Various structures were initially proposed ( Figure 1) [2], but it was not until 1959 that Herout et al. [3] proposed the structure 1 for germacrone, based on its pyrolytic transformation into β-elemenone (4) (Scheme 1). Subsequently, structure 1 was corroborated from its NMR spectra [4] . Studies, carried out on the AgNO3-germacrone complex by X-ray diffraction [5] , indicate the existence of a conformation in which the two endocyclic double bonds are crossed and the methyls on C-4 and C-10 present a syn arrangement ( Figure 2 ). In the 1950s, the possibility was suggested that the medium-sized trans-cycloalkenes might exist in stable enantiomeric forms, even when lacking a stereocenter. Cope corroborated this theory on resolving racemates of trans-cyclooctene, cis, trans-1,5-cyclooctadiene, and trans-cyclononene [6] . In the case of germacrone, its partial racemic resolution has been published [7] . Both dextrorotatory and levorotatory recrystallized samples were obtained, with an appreciable specific rotation, demonstrating the dissymmetry of the molecule. Furthermore, the authors established that the optical activity of the samples remained unvarying for months at room temperature, and stated that the isopropylidene group is an important barrier for the interconversion of the enantiomers, this being one of the factors determining the optical stability.
Germacrone (1) has also been isolated from the bark of Zanthoxylum monophyllum [38] , and from the n-hexane extract of Kaempferia marginata [39] .
Synthesis
Only one synthesis has been described for germacrone [40] . It starts from the hydroxylated geranyl acetate derivative 5, the key step being the intramolecular alkylation of the carbanion generated from the protected cyanohydrin 13 (Scheme 2).
Chemical transformations
The structure of 1 presents an E,E-cyclodeca-1(10),4diene system, together with an 8-oxo-7(11)unsaturated function, leading to varied reactivity. The main reactions of 1 are discussed below. Later, Reijnders and Buck achieved the regiospecific photochemical isomerization of 1 to obtain either 16 or 17 as sole product by controlling the irradiation conditions [41c]. However, 1(10)E,4Z-germacrone was not obtained photochemically.
In 1969, Schefer [42] reported the isomerization of germacrone catalyzed by base, to form isogermacrone (18) (Scheme 4). Later, Bozhkova [43] studied the effect of different base/solvent systems in the isomerization of germacrone. Mixtures of four isomers (16, (18) (19) (20) were obtained in different proportions, depending on the reaction conditions (Scheme 5, Table 1 ). 
Reduction reactions:
The catalytic hydrogenation of germacrone in AcOH and in the presence of PtO2 at room temperature led to germacrane (21) , but when the hydrogenation was carried out in the absence of acid under the above conditions, it yielded the α,βunsaturated ketone 22 (Scheme 6) [44] . 
Oxidation reactions and biotransformations:
Photooxidation of germacrone and subsequent reduction with sodium sulfite [45] resulted in a 7,11-Epoxygermacrone (31) was obtained by reduction of 1 with LiAlH4, followed by Sharpless epoxidation and subsequent oxidation with PDC-DMF (Scheme 9) [46] . The overall yield of the transformation was 92%. The biotransformation of 1 by Aspergillus niger gave rise to the guaiane 34 and the allyl alcohols 36 and 37 (Scheme 11) [48] . 
Sigmatropic reactions: Cope rearrangement: The
Cope rearrangement is one of the most characteristic reactions of the E,E-1(10),4-cyclodecadiene system. The first transformation of this type was observed in 1, and led to the formation of β-elemenone (4) [3a,44] , the stereospecificity of the course of the reaction being characteristic (Scheme 1).
In 1, this rearrangement impedes quantification by gas chromatography, as the transformation to 4 takes place both in the injector (where the temperature exceeds 250ºC) and inside the column. Studies show that considerable amounts of 1 are transformed under the conditions usually employed for the analysis, and a mathematical model has been proposed to estimate the degree of conversion of 1 into 4 during the analysis [50] .
The ease with which compounds of the germacrane series are converted to those of the elemane series indicates that the latter probably originate in Nature from germacrane-type compounds.
Cyclization reactions:
In Nature, eudesmane-and guaiane-type sesquiterpenes are formed from germacrenes by acid attack on the double bonds, followed by transannular cyclization [5a,51] . If acidinduced cyclization is carried out chemically in vitro, only eudesmane derivatives are formed, as the acids preferentially attack the 1,10 double bond [5a,52] . To explain this, Sutherland proposed that the transannular C-C bond and the C-X bond (X being the nucleophile) are formed simultaneously. Consequently, the stereochemistry of the cyclization products will depend on the conformation of the starting material. As it is known that the most-stable conformation of 1, its monoepoxides, and the E,Ecyclodeca-1(10),4-dienes in general, is that shown in Figure 2 (endocyclic double bonds crossed and both methyl groups with syn arrangement), trans-eudesmanes or cis-guaianes are formed when transannular cyclization takes place [5a] (Scheme 13). In the former case, the allyl organolead intermediates 47, 48, and 65 are formed, and in the second case, the corresponding acetoxy-or methoxy-intermediates 49 and 66. When the nucleophile is the other endocyclic double bond, cyclization towards the eudesmane intermediates 50 and 51 takes place, leading to the acetoxyderivatives 63 and 64 by subsequent concerted elimination of the Pb. In a second stage, the organolead compounds ⎯ because of their instability ⎯ decompose, with participation of the endocyclic double bond, thereby forming the C1-C5 bond and the corresponding cisguaiane derivative. The stereochemistry of the cisguaiane derivatives formed suggests that the conformation of the reactive intermediates 47-49, 65, and 66 is that with methyl groups in the syn arrangement (Scheme 15).
The transannular cyclization of germacrone via oxymercuriation-demercuriation, in contrast, forms mainly trans-eudesmane-type products (Scheme 16) [54] . These results were expected on the basis of the mechanism proposed by Sutherland [52,55] (Scheme 17). The attack of the mercuric acetate takes place preferentially on the 1,10 double bond, forming a mercurinium cation. The Markovnikov opening of this cation and the formation of the transannular C-C and C-nucleophile bonds is carried out in a concerted process. The exclusive formation of trans-decalins indicates that the cyclization is stereoselective and takes place via the most-stable conformer of 1 (Figure 2 ).
Cyclization of 1 with SOCl 2 in CHCl 3 gave 85% eudesmene 77, and with HCl gave eudesmenes 77 and 78 (Scheme 18) [56] . SOCl 2 , a weak Lewis base, reacts with moisture in the solvent to give HCl, which acts as the cyclization agent. The cyclization of 1 with AcOH in PhSH gave rise to the guaiane 80 (Scheme 19). When the acetic acid was substituted by formic acid, the cadinanes 81 (a mixture of two diastereomers) and 82 were obtained, together with 80 [57] . 
Biological activity
Curcuma zedoaria is an Asian species used in popular medicine for stomach complaints. The extract from rhizomes of C. zeodaria showed a marked capacity to prolong hexobarbital-induced sleep, suggesting the presence of inhibitors of liver metabolism. When the active principles responsible for this activity were investigated, it was observed that a single dose of germacrone (100-200 mg/kg) significantly prolonged hexobarbital-induced hypnosis in mice, besides inhibiting the liver metabolism of drugs by interaction with cytochrome P 450. It also provoked sleep at subhypnotic doses of hexobarbital, suggesting that germacrone has depressant properties on the central nervous system [58] . Another assay (under patent) confirms this depressant activity, establishing the capacity of germacrone to inhibit methamphetamine-induced hyperkinesis in mice at a dose of 3 mg/kg [ 59] . It has also been ascribed modulating effects on the autonomic nervous system [ 60] .
C. xanthorrhiza is used in Indonesian popular medicine as an analgesic and cholagogic, stimulating the study of the antiinflammatory activity of the extracts of this species. The results obtained in various assays suggest that the antiinflammatory activity of C. xanthorrhiza is due to its germacrone content [61] . More recently, it has been reported that germacrone is also responsible for the hypothermic properties of this plant, together with the following effects: prolongation of pentobarbital-induced sleeping time, suppression of spontaneous motor activity, suppression of acetic acid-induced writhing, and inhibition of stress-induced ulcers [62] .
It has also been reported that germacrone has antimicrobial activity against certain Gram-positive and Gram-negative bacteria and Candida albicans [63] , and that the antifungal activity of the essential oil of Myrica gale is due basically to its germacrone content [64] . The essential oils of Asarum caulescene, with a high percentage of germacrone, show a broad-spectrum antibacterial activity (MIC 0.16-2.5 g/L) [36] . The use of germacrone for the treatment of hepatitis caused by endotoxins has been patented [65] .
The volatile fraction of the extract from leaves of Rhododendron edgeworthii possesses insect-repellent activity against Sciopithes obscurus Horn., an endemic species to the Pacific coast of North America and the main plague of other species of Rhododendron in the region. Assays carried out with various fractions of the extract, one of which comprised exclusively purified germacrone (57 μg), suggest that both germacrone and the combination of other, less-volatile components of the extract present such activity [66] .
Studies of the essential oil from fruits of Eugenia uniflora, whose main component is germacrone (27.5%), show a powerful cytotoxic activity against cells of human prostate, liver, and breast tumors at concentrations of 100, 250, and 250 μg/mL respectively, and antibacterial activity against Staphylococcus aureus (MIC 39 μg/mL) [67] .
The essential oils of different species of Rhododendron have been shown to be of use in the treatment of respiratory tract disorders. Thus, the essential oil of R. tsinghaiense, whose components include germacrone, has been used for the treatment of bronchitis [68a] , while the antitussive properties shown by the essential oil of R. anthopogonoides are due to its content of germacrone, together with limonene and benzylacetone [68b].
Ledum groenlandicum has a high concentration of germacrone in its leaves. It has shown a powerful antifeedant activity against snowshoe hares, and acts as a chemical defense of the plant against these animals [69] . A choleretic and hepatoprotector effect of germacrone in mice has also been reported [70] . Another property reported for germacrone is the vasodilator activity due to its calcium-channelblocking effect at a dose of 100 μM [71a] . In order to reduce the negative effect of tobacco smoke on the smoker's respiratory system, an additive for cigarette filters was extracted from Compositae and Cuculidae plants, in which the active component responsible for relieving respiratory tract diseases was germacrone, together with such compounds as camphol and β-caryophyllene [71b].
